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Spin Delocalization, Polarization, and London Dispersion Forces Govern the 
Formation of Diradical Pimers 
Abstract 
Some free radicals are stable enough to be isolated, but most are either unstable transient species or 
exist as metastable species in equilibrium with a dimeric form, usually a spin-paired sigma dimer or a pi 
dimer (pimer). To gain insight into the different modes of dimerization, we synthesized and evaluated a 
library of 15 aryl dicyanomethyl radicals in order to probe what structural and molecular parameters lead 
to σ- versus π-dimerization. We evaluated the divergent dimerization behavior by measuring the strength 
of each radical association by variable-temperature electron paramagnetic resonance spectroscopy, 
determining the mode of dimerization (σ- or π-dimer) by UV–vis spectroscopy and X-ray crystallography, 
and performing computational analysis. We evaluated three different hypotheses to explain the difference 
in the dimerization behavior: (1) that the dimerization behavior is dictated by radical spin densities; (2) 
that it is dictated by radical polarizability; (3) that it is dictated by London dispersion stabilization of the 
pimer. However, no single parameter model in itself was predictive. Two-parameter models incorporating 
either the computed degree of spin delocalization or the radical polarizability as well as computed 
estimates for the attractive London dispersion forces in the π-dimers lead to improved forecasts of σ- vs 
π-dimerization mode, and suggest that a balance of spin delocalization of the isolated radical as well as 
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Spin Delocalization, Polarization, and London Dispersion Forces 
Govern the Formation of Diradical Pimers 
Joshua P. Peterson, Arkady Ellern, Arthur H. Winter* 
Department of Chemistry, Iowa State University, 1608 Gilman Hall, Ames, Iowa 50010, United States 
ABSTRACT: Some free radicals are stable enough to be isolated, but most are either unstable transient species or exist as meta-
stable species in equilibrium with a dimeric form, usually a spin-paired sigma dimer or a pi dimer (pimer).  To gain insight into the 
different modes of dimerization, we synthesized and evaluated a library of 15 aryl dicyanomethyl radicals in order to probe what 
structural and molecular parameters lead to sigma versus pi dimerization.  We evaluated the divergent dimerization behavior by 
measuring the strength of each radical association by variable-temperature EPR spectroscopy, determining the mode of dimerization 
(sigma or pi dimer) by UV-Vis spectroscopy and X-ray crystallography, and performing computational analysis.  We evaluated three 
different hypotheses to explain the difference in the dimerization behavior: (1) that the dimerization behavior is dictated by radical 
spin densities; (2) that it is dictated by radical polarizability; (3) that it is dictated by London dispersion stabilization of the pimer.  
However, no single parameter model in itself was predictive. Two-parameter models incorporating either the computed degree of 
spin delocalization or the radical polarizability as well as computed estimates for the attractive London dispersion forces in the pi 
dimers lead to improved forecasts of sigma vs. pi dimerization mode, and suggests that a balance of spin delocalization of the isolated 
radical, as well as attractive forces between the stacked radicals, govern the formation of diradical pimers. 
Introduction 
   Free radicals pervade all aspects of chemistry, from synthetic 
mechanisms to materials science to biological chemistry.  Some 
free radicals can be stabilized sufficiently to make them isola-
ble.  Just below this point of indefinite persistence are meta-
stable radicals that exist in a dynamic equilibrium with dimers.  
An example of such a meta-stable radical is the trityl radical, 
the first detected free radical, which famously exists in a solu-
tion-phase equilibrium with a head-to-tail sigma dimer.1 This 
radical dimerization can be an annoyance when attempting to 
make ferromagnetic plastics, but is an attractive feature when 
using these radicals as building blocks for stimuli responsive 
materials, dynamic covalent assemblies, chemical sensors with 
optical or magnetic resonance contrast, or organic spin-crosso-
ver materials.2-10  
   A wealth of literature on such meta-stable radical species 
shows that they form either weak sigma dimers or multi-cen-
tered pi dimers (pimers).11, 12 The radical—radical bond found 
in these pimers is fascinating for its unusual multicenter cova-
lent bonding pattern that brings the atoms closer than the van 
der Waals radii but much longer than a conventional two-atom 
bond (>2.8 Å), while straddling the knife edge between van der 
Waals interactions and conventional chemical bonds in strength 
and properties.  Unfortunately, models to understand why some 
meta-stable radicals form sigma dimers while others form pi-
mers are lacking.   
 
Figure 1: Examples of radicals that form sigma13-17 and pi dimers.16, 18-21  
Understanding this divergent dimerization behavior would aid 
in the application of these radicals into useful materials, because 
the properties of the two types of radical dimers show remarka-
ble differences.  For example, sigma dimers usually absorb 
mostly in the UV region of the optical spectrum and have prop-
erties that are more consistent with “normal” closed-shell or-
ganic molecules. In contrast, diradical pimers are typically col-
ored species that absorb visible to near-infrared light and fea-
ture unusual conductive and magnetic properties.18, 22, 23  Such 
radical pimers, or ‘pancake dimers’,21 are distinct from normal 
pi-stacked dimers between closed-shell aromatics because they 
often prefer face-to-face sandwich geometries rather than slip-
stacked geometries.  Moreover, unlike normal pi stacked di-
mers, they can have strong orientational geometric preferences, 
are stabilized by π orbital interactions (rather than being repul-
 
sive), have fluxional geometries, and often show large intramo-
lecular and layer-to-layer charge transporting properties with 
broader energy bands than typical organic semiconductors. 
   Select examples of meta-stable radicals are shown in Figure 
1, along with their preferred mode of dimerization.  For exam-
ple, phenalenyl radicals and triangulene radicals can form either 
sigma or pi dimers depending on the substitution.20, 24-26 Exam-
ples of radicals that form sigma dimers include trityl radicals,13, 
14 pyridyl radicals,27 and aza-adamantyl nitroxyl radicals.17 Rad-
icals that form pimers include halo-phenyl dithiazolyl radi-
cals,19 planar corranulene-derived cation radicals16 viologen 
cation radicals,18 pi radical anions such as tetracyanoquinodi-
methane (TCNQ)11 and naphthalene diimide radical anions,12  
although many others are known.28-30   
  
Figure 2: Known modes of dimerization for the dimethylamino31 and juloli-
dine32 substituted dicyanomethyl radicals.  
 
    To understand what structural and molecular parameters dic-
tate whether a sigma or pi dimer is formed for that radical, a 
library of aryl dicyanomethyl radicals was synthesized and 
evaluated.  As shown by Seki and coworkers,32-34 and subse-
quently by us,31, 35-37 this class of radicals are indefinitely stable 
provided a para substituent is added to block an irreversible 
head-to-tail dimerization reaction. They exist as stable steady 
state populations of radical in equilibrium with dimers. These 
radicals are attractive for such a study because they are known 
to dimerize to form either a sigma dimer or a pimer depending 
on the attached substituents. For example, a p-dimethylamino 
derivative forms a sigma dimer, while a structurally-related 
julolidine derivative forms a pimer, with no obvious explana-
tion for the difference. (See Figure 2).   
   To elucidate the structural and molecular parameters that di-
rect the formation of sigma and pi dimerization, a library of rad-
icals was investigated using variable temperature EPR spectros-
copy, VT-UV-Vis spectroscopy, X-ray crystallography, and 
computational analysis. The synthesized library is shown in 
Figure 4, and explores the structural region around these two 
known radicals (6, 15) featuring different dimerization modes.  
We evaluated three competing hypotheses—one based on spin 
delocalization, one based on radical polarizability, and one 
based on London dispersion forces—to explain the divergent 
modes of dimerization, with the hopes of developing a predic-
tive model that could be used to both explain the modes of di-
merization for known radicals, and ideally allow forecasts of 
the dimerization mode for novel radicals (Figure 3) and provide 
fundamental insight into the important properties driving the 
formation of the two different types of dimers. 
   This investigation reveals that radical spin delocalization is a 
key parameter for predicting sigma or pi dimerization.  For ex-
ample, all radicals in this work with highly localized spin den-
sities form sigma dimers.  However, with delocalized spin den-
sities, either pi dimers or sigma dimers can form. Within this 
regime, spin delocalization is an insufficiently predictive pa-
rameter in isolation.  A two-parameter model incorporating ei-
ther the computed spin density or the radical polarizability, and 
a computational estimate of the dispersion forces in the stacked 
pimers, leads to  improved two-parameter models for predicting 
the mode of dimerization, and suggests that both spin delocali-
zation and attractive forces between the stacked radicals are 




Figure 3.  Schematic of spin delocalization hypothesis for maximizing co-
valent bonding, polarization hypothesis for maximizing coulombic interac-
tions, and dispersion hypothesis for maximizing London dispersion forces. 
 
Figure 4: Radicals studied here with crystal structures of the radical dimers (crystal structures for 3 and 15 are reproduced from prior work,31, 32 while crys-
tals of 4,7, and 9 were crystallized from chloroform and their structures are new to this study). Radicals 1, 3, 6, and 15 were previously reported31, 32 while 
the other eleven radicals are new to this study. 
Results and Discussion    
Structural Effects on the Radical-Dimer Equilibrium Con-
stants. A library of aryl dicyanomethyl radicals with para sub-
stituted electron donating groups were prepared by oxidation of 
the precursor aryl malononitriles by previously reported exper-
imental methods31, 32 (Figure 4). The library was made to span 
the structural space between radicals 6 and 15 (Figure 2). All 
synthetic procedures are provided in the Supporting Infor-
mation.  
   In order to decouple steric effects of the substituents, with the 
exception of 3, substituents were appended to the meta and para 
positions relative to the radical center.  Consequently, these 
substituents are anticipated to have little steric effect on the sta-
bility of the sigma dimer (See Figure 4 for crystal structures of 
some of the dimers). Eleven of the fifteen radicals in Figure 4 
are new structures, while four of them have been previously re-
ported either by us (1, 3, 6)31 or Seki and coworkers (15)32. Rad-
ical association constants for dimerization were determined 
from van’T Hoff plots obtained by determining the radical/di-
mer equilibrium constants at varying temperatures using varia-
ble-temperature EPR spectroscopy (Table 1 shows an example 
van’T Hoff plot; all van’T Hoff plots are shown in the Support-
ing Information). 
   As can be seen in Table 1, the electronic donating ability of 
the para substituent is inversely correlated with the dimeriza-
tion association constant.  Thus, radicals with strong donating 
groups are stabilized and feature lower Ka values for dimeriza-
tion than radicals substituted with less strong donors.  With less 
strongly electron donating substituents, such as oxo-substitu-
tion in the para position, Ka values between 105 and 106 M-1 
were obtained irrespective of whether the substituent was freely 
rotating (radicals 1-3) or locked in a fused ring (radicals 4 and 
5). These radicals form sigma dimers as shown by variable tem-
perature UV-Vis experiments described later and by crystal 
structures determined for 3 and 4 (see Figure 4). For all radicals 
that form sigma dimers, at low temperature the solution is clear 
or yellow and becomes brightly colored upon heating as the col-
ored radical is liberated. 
   In contrast, para amino substituents stabilize the radical by 
orders of magnitude compared to oxo-substituents.31, 36 Radicals 
6-14 are examples of radicals that feature a para amino substit-
uent, with 6-8 having free substituent rotation while 9-14 are 
constrained by a ring that both hinders free rotation and nitro-
gen pyramidalization. Hindering pyramidilization of the amino 
substituent certainly favors more delocalization into the aro-
matic ring by maximizing p character without the usual ener-
getic penalty for rehybrization at nitrogen.38,39 For radicals 6-8 
and 11-14, association constants for these radicals range from 
102 – 104 M-1. Thus, in contrast to radicals with oxo substituents, 
at room temperature a large fraction of the sample exists as the 
free radical rather than the dimer and the solutions are highly 
colored even at room temperature (at millimolar or lower con-
centrations). Radicals 9 and 10, indole derivatives, are excep-
tional cases, and feature larger association constants, more sim-
ilar to the oxo-substituted dicyanomethyl radical (Ka ~ 106 M-
1), than typical amino substituents. In these cases, the para ni-
trogen in the indole ring is no longer as strong a donor as a typ-
ical amino substituent due to lost electron donation into the ar-
omatic indole ring.  These radicals are discussed in more detail 
below.  
 
Table 1: Thermodynamic data obtained through VT-EPR, and computed 
Mulliken benzylic spin densities (ωB97XD/6-31+G(d,p)) and estimates of 
the relative pimer dispersion energy (defined as the sigma dimer-pimer 





Predictive Power and Failures of the Spin Delocalization 
Hypothesis.  A parameter potentially important for directing 
the mode of radical dimerization is radical spin delocalization.  
The hypothesis is that radicals with highly localized spins on 
the benzylic carbon have a greater likelihood for making a 
sigma dimer because orbital overlap would be maximized in 
making the two-atom bond (Figure 3, top). However, as the rad-
ical becomes more delocalized, the sigma bond should get 
weaker due to diminished overlap. Eventually, in radicals 
where the spin density becomes highly delocalized, there may 
come a tipping point where forming a multi-centered pimer be-
comes energetically preferred, where the sum of many weaker 
π−π stacked SOMO orbital interactions (plus other attractive 
non-covalent forces and entropic effects) exceeds that of form-
ing one more strongly-overlapping two-atom σ-dimer.  This hy-
pothesis is related to one suggested by Passmore, White, and 
coworkers40   who suggested that there is an energetic penalty 
for making sigma dimers with highly delocalized radicals, 
which they used to explain the pimerization of sulfur-contain-
ing radicals40 Consistent with this notion, the recently prepared 




Figure 5. UV-Vis of 6 showing sigma dimerization (a), Low temperature 
UV-Vis of 13 showing pimerization (b).  
    To test this hypothesis, we computed the Mulliken spin den-
sities for each of the radicals in Figure 4, and determined 
whether the radical forms a sigma dimer or a pimer in solution.  
Fortunately, it is simple to determine whether the radical makes 
a sigma dimer or a pimer, because cooling solutions of the col-
ored radical leads to the dimerized form, as shown by a loss of 
the EPR signal for the radical upon cooling.  If the radical forms 
a sigma dimer, the solution turns clear or yellow upon cooling 
because the sigma dimer disrupts the π conjugation. The sigma 
dimer has absorptions mostly in the UV region of the optical 
spectrum.  In contrast, if the radical forms a pimer, the solution 
becomes more darkly colored than the free radical, as the pi-
mers typically have slightly increased absorptions in the visible 
region of the optical spectrum.  Additionally, the pimers show 
growth of a new band in the near-IR region of the optical spec-
trum ~850-900 nm.  An example of the difference between a 




shown in Figure 5.  TD-DFT computations of the UV-Vis spec-
tra of the pimers match well with the experimentally determined 
spectra (see Figure S3 in Supporting Information).   
    In all cases, the mode of dimerization in solution matches the 
mode of dimerization observed in the crystal structure.  Radi-
cals 3, 4, 7, and 9 form sigma dimers in the crystal, and these 
radicals were found to also form sigma dimers in solution.  The 
most noteworthy features of the solid state structures is that the 
sigma dimers feature elongated C-C single bonds (>1.6 Å) and 
adopt an anti conformation. In the case where a crystal structure 
of a pimer was obtained by Seki and coworkers (15),32 this rad-
ical also forms a pimer in solution.   
   To evaluate whether there is a correlation between the spin 
density and the radical dimerization mode, we plotted the com-
puted benzylic spin density for each of the radicals versus the 
experimentally determined association constants for radical di-
merization (Figure 6, top).  Radicals that were observed to form 
sigma dimers when the solutions were cooled are depicted as 
blue triangles while those that were observed to form pimers are 
depicted with red circles.  
   As can be seen from Figure 6, there is a strong direct correla-
tion between the Ka and the computed spin density on the ben-
zylic carbon.  Thus, radicals with large spin densities on the 
benzylic carbon form stronger bonds.  Furthermore, all the aryl 
dicyanomethyl radicals in this work with a high spin density on 
the benzylic carbon (>45%) formed sigma dimers, in line with 
the spin delocalization hypothesis.  Also consistent with the hy-
pothesis, all radicals that formed pimers had <45% computed 
spin density on the benzylic carbon.   
   However, a number of radicals with <45% spin density also 
formed sigma dimers.  Thus, while the spin delocalization hy-
pothesis shown in Figure 5 explains many of our observations, 
it cannot, on its own, explain all of the observed radical behav-
ior.  Within the regime of radicals having highly delocalized 
spin densities, it fails to be predictive. 
    Effect of Pimer Dispersion Stabilization Energy: Incor-
poration into 2-Parameter Predictive Models. As noted 
above, the spin delocalization hypothesis fails to be predictive 
for radicals that feature highly delocalized spins.  Thus, we con-
sidered that other effects other than spin delocalization may be 
playing a role in directing the relative energetics of the sigma 
dimer and pimer.  It is known that a variety of pimers such as 
TCNQ and TCNE radical anions as well as viologen cation rad-
ical pimers are stabilized by dispersion forces,11,12,18 so we con-
sidered that perhaps some radicals stack better in the pimers 
than others, leading to larger stabilizing dispersion energies.  
We hypothesized that differences in these dispersion forces 
could explain the differing mode of dimerization for radicals 
that have similar spin delocalization.   
 
Figure 6: Plot of the log of binding constant vs computed benzylic carbon 
spin density (top) and a plot of benzylic carbon spin density vs normalized 
dispersion stabilization energy (middle). In both graphs red circles signify 
observed π-dimers and blue triangles represent observed σ-dimers. Ver-
sions of these plots with radical labels can be found in Figure SI4. 
   To computationally estimate the dispersion stabilization, we 
computed the relative energy of the π-dimer and σ-dimer for 
each radical with two different density functionals, one includ-
ing a dispersion correction (B97D), and the other without a dis-
persion correction (B98). The difference in energies gives a 
“dispersion energy” parameter of the pimer relative to the sigma 
dimer.  These absolute dispersion energies were converted to 
relative dispersion energies by subtracting the dispersion en-
ergy for radical 2, which had the lowest computed pimer dis-
persion energy value.  Thus, radical 2 has a “relative pimer dis-
persion” of zero.   
    A single-parameter model using just the relative pimer dis-
persion energies (shown in SI Figure 5) to predict the mode of 




cals that form pimers have large computed pimer dispersion en-
ergies, it is not always true.  For example, radical 11 has a small 
computed pimer dispersion, but forms a pimer in solution.   
However, when these relative pimer dispersion energies were 
plotted against the computed spin density to give the two-pa-
rameter model shown in Figure 6 (middle), this new two-pa-
rameter model is significantly improved compared to the model 
containing just the spin delocalization parameter (Figure 6, top) 
or just the pimer dispersion energy (SI Figure 5). All radicals 
with experimentally observed π-dimers were all computed to 
have a relative dispersion stabilization energy greater than 6 
kcal/mol, with radical 11 being an exception. Radical 11 has a 
low pimer dispersion energy but compensates by having suffi-
cient spin delocalization to make the pimer preferred. Intui-
tively, this result makes sense because radical 11 has a smaller 
substituent and so would not be expected to have as large a pi-
mer dispersion energy.  Yet, having the nitrogen locked into a 
small ring should make the substituent a very strong donor and 
lead to larger spin delocalization, favoring the pimer.   
   Despite some regions of ambiguity at the interface, in general 
radicals featuring low benzylic spin density and large disper-
sion energies form pimers, while radicals with high benzylic 
spin density and low pimer dispersion energies form sigma di-
mers. This two-parameter model, while imperfect, is clearly an 
improvement over the model including just the spin density 
(Figure 6, top), which is non-predictive in the regime of radicals 
having low computed benzylic spin density.  
Importance of Radical Polarizability: Effect on Pimer Ge-
ometries and Energies. We also considered that the polariza-
bility of the radical could play a role in stabilizing the pimer 
(hypothesis 2 in Figure 3).  If the radical is highly polarizable, 
it should be able to delocalize its electron density in response to 
a neighboring electric field, such as a polar solvent or another 
radical, and potentially allow for attractive electrostatic interac-
tions in the pi dimer.  Additionally, donor-substituted radical 
pimers may also be stabilized by 3e- radical stabilization (lone 
pair with radical39).  
    To test this hypothesis, we computed the isotropic radical po-
larizability for each radical, and also examined the computed 
charge populations of the free radical relative to the pimer. For 
weakly polarizable radicals, such as 2 shown in Figure 4, rela-
tively small changes in the charge distribution are observed be-
tween the free radical and the pimer. With highly polarizable 
radicals, such as julolidine-derivative 15, large changes in the 
computed Mulliken atomic charges are observed between the 
free radical and the pimer. For example, the nitrogen and the 
two adjacent carbons become more positive by 0.78 charge 
units, while the dicyanomethyl group becomes more negative 
by 0.30 charge units upon going from the free radical to the pi-
mer.   
    Two parameter models including the computed radical iso-
tropic polarizability versus the relative pimer dispersion energy 
is shown in Figure 6 (bottom).  This two-parameter model is 
better than the model containing just the spin delocalization pa-
rameter, but radical 11 is a major outlier.  As noted above, this 
radical has a low computed pimer dispersion energy, but is ob-
served to form a pimer. For this radical, the two-parameter 
model fails. 
   While this two-parameter radical polarizability/pimer disper-
sion model is insufficient in some cases, this polarization effect 
explains the observed head-to-tail geometry seen in the crystal 
structure of pimer 15. Our attempts to optimize the geometry of 
head-to-head pimers failed, as these geometries optimized to 
the gauche sigma dimer minimum, suggesting that the head-to-
head pimer may not be even a minimum on the potential energy 
surface.  Intuitively, this result makes sense when considering 
that a perfect sandwich-stacked pimer would feature repulsive 
electrostatic interactions, which become favorable in the head-
to-tail pimer (See Figure 7A).  
 
Figure 7.  A. Effect of radical polarization on pimer geometry. B. Reso-
nance model showing stabilization of polarizable captodative radicals by 
polar solvents (or the presence of another polarizable radical).  C. Mulli-
ken charge distributions of the pimers of a weakly polarizable radical 2 
and a highly polarizable radical 15.  Insets show the computed Mulliken 
spin densities for the free radical as a function of solvent dielectric 
(SMD), with increasing contributions of zwitterionic resonance structures 
in polar solvents for highly polarizable radicals, which lead to diminished 
benzylic spin density. 
   It should be noted that the radical spin delocalization, polar-
izability, and pimer dispersion energies are not decoupled pa-
rameters.  Radicals that are highly delocalized off of the ben-
zylic carbon are also highly polarizable.  This interconnected-
ness of these parameters can be clearly observed from a plot of 
the benzylic spin density versus the computed radical polariza-
bility (See SI Figure S5) and by the solvent-dependence of the 
computed spin densities of the radicals. For highly polarizable 
radicals, the spins become more delocalized off of the benzylic 
carbon and onto the donating para substituent as the solvent di-
electric increases (See Figure 7 for an example of the spin den-
sity plotted against the solvent dielectric with a highly polariz-
able and less polarizable radical).  With weakly polarizable rad-
icals, the spin densities are more localized and do not change 
significantly as a function of solvent dielectric.  This polariza-
bility can be explained by solvent screening of the charge-sep-
arated resonance structures that are unique to captodative radi-
cals (Figure 7B).  Thus, the spin delocalization parameter “en-
codes” within it information about the radical polarizability.  
This feature explains why the two-parameter model containing 




cessful even though it ignores the effect of radical polarizabil-
ity, because the polarizability is partially integrated into the spin 
delocalization parameter. 
   The other parameter, the pimer dispersion energy, should also 
be dependent on both the geometry of the pimer and the polar-
izability of the two interacting species, with more highly polar-
izable species leading to higher dispersion energies. Yet, in a 
practical sense the computed dispersion energy does not really 
account for the polarizability of the radical itself.  This is be-
cause the dispersion corrections included in this B97D func-
tional are akin to a patched-on summation of all the attractive 
pairwise 1/r6 terms in a Lennard-Jones potential added to the 
DFT energy, with an atom-dependent parameterized coefficient 
and a damping function to prevent singularities at small r val-
ues.  This coefficient includes the static dipolar polarizability of 
the atom, but it is ignorant of the electronic polarizability of the 
atom in the radical itself. The coefficient will be poorly chosen 
if the polarizability of the atom in the molecular environment is 
much different than for the isolated atom, from which the coef-
ficients were obtained.  It would not be surprising if atoms in 
molecular free radicals had different polarizabilities than those 
for the isolated atoms, as free radicals are expected to be more 
polarizable than closed-shell species as a general rule. Thus, the 
dispersion estimates obtained from our DFT model are in reality 
more decoupled from the polarizability for the predictive model 
then they would be if more accurate dispersion energies were 
available.  
    However, none of our models are successful without includ-
ing this term, which is the only parameter that has a dependence 
on the geometry of the pimer.  The polarizability and spin delo-
calization terms are obtained from computations of the isolated 
free radicals.  Thus, as improvements are made to DFT disper-
sion corrections to take into account the specifics of the molec-
ular electronic environment, which could be as simple as ad-
justing the atom-dependent parameterized coefficients, it may 
be the case that models incorporating the computed dispersion 
energy will also improve. 
Spin Delocalization Effects: What a Difference a Double 
Bond Makes!  From the 2-parameter models shown in Figure 
6, the pimer dispersion energy appears to be an important pa-
rameter in dictating the preferred mode of radical dimerization.  
We asked the question of whether spin delocalization or disper-
sion effects were more important in determining the preferred 
dimerization mode.  To answer this question, radicals 10 and 11 
were evaluated (Figure 8).  These radicals are identical except 
10 has an extra double bond. Not surprisingly, then, the com-
puted dispersion energies for the pimers are essentially identical 
(within 0.6 kcal/mol). Yet, because the indole radical 10 has its 
lone pair tied into an aromatic ring, it is a much weaker donor 
than 11. For example, the computed benzylic carbon spin den-
sities (see Figure 8C) for 10 range from 57-52 % (indicating it 
is weakly polarizable) while 11 spans the range of 46-32 % (in-
dicating it is highly polarizable), depending on the solvent po-
larity. We anticipated that if dispersion forces directed pimer 
formation, then both 10 and 11 might form pimers.  If spin de-
localization was a more important parameter, than 11 might 
form a pimer, while 10 would not.  
  
 
Figure 8.  Dimerization of compounds 10 and 11 (a), UV-vis spectra of 
compounds 10 and 11 (b), benzylic carbon spin density plot and visualized 
HOMO (IboView)42, 43 for compounds 10 and 11 (c). 
 The latter outcome proves to be the case. We observe that 10 
forms a sigma dimer while 11 forms a pimer (See Figure 8). 
Indeed, 10 has the largest association constant of all the radicals 
we tested (~7 x 106 M-1) while 11 has the smallest value (3 x 
102 M-1) of all radicals tested—a factor of greater than four or-
ders of magnitude difference in radical stability! UV-Vis spec-
troscopy (Figure 8B) shows that 10 exists mostly as σ-dimer at 
room temperature and upon heating liberates the free radical 
with a λmax = 525 nm (Kd ~ 1 x 10-7 M). Conversely, 11 exists 
as a significant portion of radical at room temperature evi-
denced by large radical band between 600-700 nm (Kd ~ 3 x   
10-3 M). When cooled, radical 11 shows a pimer band grow in 
~880 nm (Figure 8B) and shows no decrease in the visible re-
gion absorption. Visually, the two radicals have ‘radically’ dif-
ferent behavior, with 10 appearing slightly yellow at room tem-
perature (mostly sigma dimer) and becoming pink as the free 
radical is liberated at high temperature.  In contrast, 11 is blue 
at room temperature as a result of a large thermal population of 
free radical and becomes a darker blue upon cooling as the pi-
mer forms. Given that the pimer dispersion energy is computed 
to be essentially identical for these radicals, but these radicals 
have drastically different spin delocalization/polarization, we 




sively the driving force for pimerization, and are perhaps sub-
ordinate to the electronic substituent effects that lead to spin de-
localization/polarization.  
Computational Methods 
To compute spin density and polarizabilities for each radical, 
geometries were optimized at the ωB97XD44/6-31+G(d,p) level 
of theory using Gaussian1645 using the SMD solvation model. 
Previous work had determined this functional and basis set ac-
curate for obtaining the free radical/σ dimer equilibrium ther-
modynamic values for dicyanomethyl radicals.37 Mulliken spin 
densities were used to determine how the spin density varied 
with solvent for different radicals. For the computation of the 
π-dimer dispersion stabilization energy, all radicals were opti-
mized at both their σ-dimer and π-dimer geometries at the 
ωB97XD/6-31+G(d,p) level of theory and then a single-point 
energy computation was conducted using both B97D46/6-
31+G(d,p) and B9847/6-31+G(d,p) for the π-dimer and σ-dimer. 
The difference in the σ-dimer/pimer equilibrium ∆E values be-
tween the two functionals were given relative to radical 2 to 
give the “relative pimer dispersion energy” parameter.  Radical 
2 had the lowest computed pimer dispersion energy so it was 
defined as zero. It should be noted that the pimers are unstable 
with respect to an RHF-UHF perturbation.  Thus, we also opti-
mized the pimers using a broken-symmetry unrestricted singlet 
approach to allow for singlet diradical character and calculated 
the “dispersion energies” at those new geometries.  An alterna-
tive plot for Figure 6 (pimer dispersion energy vs. spin density) 
is shown in Figure S5 with the dispersion energies calculated at 
these new geometries.  Although some differences are ob-
served, they are qualitatively similar.   
Experimental Methods  
Oxidation to Generate Radicals. The C-H aryl malononitrile 
precursors were oxidized to form the radical/dimers using pre-
viously reported methods.31, 33 For radicals 1-5 and 9-10, a bi-
phasic oxidation between basic aqueous potassium ferricyanate 
and dichloromethane was used. For all other radicals, 6-8 and 
11-14, the aryl malononitrile was dissolved in the solvent of 
study, then lead(IV) oxide was added in excess and the resulting 
mixture was mixed for 5-10 minutes. After removal of all ex-
cess solids by centrifugation, quantitative oxidation to radicals 
was indicated by absence of starting material peaks in the 1H 
NMR spectrum.  
Association constants and van’t Hoff Plots. The dimerization 
thermodynamic parameters for each of the radicals was deter-
mined by variable temperature EPR. From the double integra-
tion of each EPR spectra, equilibrium constants were obtained. 
Intermolecular binding constants were calculated from a van’t 
Hoff plot. An example is shown in Table 1 and all plots are 
included in the Supporting Information.  The EPR instrument 
was calibrated with a TEMPO standard. A van’t Hoff plot (ln 
Keq vs 1/T) provides the equilibrium parameters (ΔH° and ΔS°, 
which lead to ΔG° and Ka values) for each system. It is im-
portant to note that EPR spectroscopy is blind to the nature of 
spin-paired species (sigma dimer or pimer) so the Ka value is 
really measuring the equilibrium between EPR-inactive dia-
magnetic dimers and spin-unpaired free radicals (or possibly 
thermally populated triplet excited states of the pimers, at high 
temperatures).    
Determining Mode of Radical Dimerization and Low Tem-
perature UV-Vis Measurements. In general, the mode of di-
merization for each radical was determined by change in color 
of the solutions.  For sigma dimers, the solution turns clear or 
yellow upon cooling in a dry ice/acetone bath, while for pimers 
the solutions turns darker blue.  These results were also observ-
able using a UV-Vis spectrometer with low-temperature capa-
bility. All UV-Vis experiments started with a known concentra-
tion of radical prepared by oxidation of the malononitrile deriv-
ative. A UV-Vis spectrometer with liquid nitrogen cooling ca-
pabilities was used under inert atmosphere to avoid water vapor 
condensation. A temperature curve calibration was used to de-
termine accurate temperature measurements at various data 
points. Sampling intervals were performed at 0.2 nm incre-
ments and equilibration of temperature was allowed for 5 
minutes prior to each spectrum being acquired.  Because both 
the sigma dimer and pimer are in equilibrium, observation of a 
pimer does not rule out the possibility of a low-energy or near 
degenerate sigma dimer that may also be present in the equilib-
rium at higher temperatures. In some cases, pimers were ob-
served at higher concentrations but not low concentrations, sug-
gesting in these cases that, while the sigma dimer is likely the 
lower energy form, the pimer is close enough in energy to be 
thermally populated, which can be observed at higher concen-
trations, and suggesting these dimeric forms are nearly degen-
erate.  We listed these in the graphs as “pimer observed”, alt-
hough the near-degeneracy of the two dimers is likely, and the 
sigma dimer form may even be the lower energy form. 
EPR Measurements and Parameters. After oxidation of each 
radical precursor to generate the radical, solutions of each radi-
cal were purged and placed under an inert atmosphere to re-
move oxygen. Solutions of toluene allowed the use of a 3 mm 
quartz EPR tube. When performing variable temperature EPR 
analysis, solutions were allowed to equilibrate at each temper-
ature for 5 minutes before each scan. Every data point is an av-
erage of a minimum of 8 scans, with more scans used in cases 
where small radical signals were observed.  The following in-
strument parameters were utilized for all compounds at all tem-
peratures: modulation frequency, 100 kHz; receiver gain, 50 
dB; modulation amplitude, 0.5 G; time constant, 0.01 s; center 
field, 3335 G; sweep width, 150 G; microwave attenuation, 20 
dB; microwave power, 2 mW; number of data points, 2048.  
 
Conclusions.  In conclusion, we have demonstrated that the 
mode of dimerization of dicyanomethyl radicals can be reason-
ably predicted by two parameter models using computational 
predictions of spin density delocalization or the radical polar-
izability and computational estimates of the π-dimer dispersion 
stabilization energy.  The importance of polarization can be 
seen by the change in the charge densities upon pimerization, 
and the preferred geometry of the pimer as a head-to-tail dimer, 
while the head-to-head pimer is not even a minimum on the po-
tential energy surface.  Care was taken to isolate electronic ef-
fects by choosing neutral radicals that are planar and not steri-
cally hindered at the radical center.  This can be viewed as both 
a strength and a weakness of this study. The strength is that 
electronic effects can be more clearly elucidated.  A weakness 
of this study, then, is that steric effects or charge repulsion ef-
fects that could be important for radicals that are not planar, 
have bulky groups attached, or are charged, are not considered 
here.  For example, a radical that forms a sigma dimer might 
prefer to form a pimer if bulky substituents are attached adja-
cent to the radical center (see Figure 1 for an example of this 
with the phenallenyl radical). 
      We find that for radicals with greater than 45% spin density 
on the benzylic dicyanomethyl carbon, only σ-dimerization is 
observed. Such highly localized spins correlates to radical/di-




more delocalized radicals (<45% spin density on the benzylic 
carbon), either sigma dimerization or pimerization can occur, 
with radicals with strong pimer dispersion energies forming pi-
mers while those with weak dispersion interactions forming 
sigma dimers. While we have yet to identify a computational 
method that can accurately predict the radical—sigma dimer—
pimer thermodynamics for these radicals, simple models that 
can explain and predict the interactions of such radicals, such 
as the ones developed in this paper, may prove to be useful for 
explaining and predicting the properties of new radicals.  Im-
portantly, this work suggests that both radical delocalization, 
polarization, and dispersion forces are important in dictating the 
mode of dimerization for meta-stable radicals, and provides a 
theoretical framework for explaining the behavior of known 
radicals and predicting the behavior of novel radicals.   
    At present, some humility in our ability to conceptually un-
derstand the features that lead to small changes in relative en-
ergy is needed.  For a few of the radicals in our library, at low 
concentrations of the radical we observe visually the sigma di-
mer at low temperature, as indicated by the colored solutions of 
radical turning clear or yellow as the temperature is lowered.  
Yet, at much higher concentrations, the solutions turn darker 
blue upon cooling, the hallmark indicator for formation of the 
pimer.  This observation suggests that, for these radicals, the 
sigma dimer and pimer forms are nearly degenerate.  Most 
likely, at low temperatures there is still a thermal population of 
the higher-energy pimer form that can only be observed visually 
at high concentrations.  In this regime, where the two radical 
dimeric forms may be separated by less than 1 kcal/mol in free 
energy, the subtle features that lead to a small change in the 
relative stability of the sigma dimer/pimer may not be perfectly 
captured by relatively crude indices such as “polarizability,” 
“spin delocalization,” and “dispersion,” that relate mostly to en-
thalpy and ignore entropy. 
    Furthermore, models can be useful and predictive without be-
ing built on any bedrock truth.  Therefore, the imperfect but 
somewhat surprising success of the two-parameter models de-
scribed here does not necessarily mean that the parameters 
themselves are important directing features.  They may be 
merely indicators.  Nevertheless, it is tempting to interpret the 
clear correlation and predictive power of the computed spin 
density on the benzylic carbon with the experimentally-deter-
mined Ka values (Figure 6, top) as demonstrating the im-
portance of spin (de)localization on the stability of the free rad-
ical relative to either dimeric form.  Less clear are the im-
portance of polarizability and dispersion forces, although none 
of our models are successful without including pimer dispersion 
estimates, and the polarizability hypothesis explains nicely why 
the pimer adopts the head-to-tail structure, and why the head-
to-head pimer does not appear to be a local minimum. Subject 
to the usual caveats about models and reality, it is reasonable to 
suggest that (at least) these three effects are important in gov-
erning the formation of diradical pimers.  
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